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ABSTRACT: This paper reports the outcomes of short-term collapse tests performed on eleven LVL (laminated veneer 
lumber)-concrete composite floor T-beams. Different variables such as span length (8 and 10 m), connection and 
concrete type, and design level (well- and under-designed, in terms of connector numbers) were investigated. During 
the tests, mid-span deflection, connection slips and strains were measured. Connection types investigated include 
triangular and rectangular (150 mm and 300 mm long) notches cut in the timber and reinforced with a coach screw, and 
modified toothed metal plates pressed on the edge of the LVL joists. All of the beam specimens were designed using the 
effective bending stiffness or γ-method, in accordance with Annex B of Eurocode 5. All well-designed beams provided 
more than 95% composite action even though there were relatively few connectors (e.g. six 300 mm long notches on the 
8 m span beam). The beams with 300 mm rectangular notched connection exhibited the best performance, with high 
stiffness and strength beyond the ultimate limit state load level and, requiring fewer connectors along the beam. The 
triangular notch was found to be a viable alternative, with more connectors but easier and faster to cut than a rectangular 
notch. Metal plate connectors provide a practical construction possibility, but the beam stiffness was found to rapidly 
deteriorate beyond the ultimate limit state load level.   
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1 INTRODUCTION 1 2 3 
Timber-concrete composite (TCC) system is a 
construction technique used for strength and stiffness 
upgrading of existing timber floors and new construction 
such as multi-storey buildings and short-span bridges. 
By combining two different materials it is possible to 
exploit their best qualities since the timber is positioned 
in the tension region of the composite section while the 
concrete is used in the compression region. The presence 
of timber, due to its lower density in comparison with 
reinforced concrete, decreases the weight of this flooring 
system, implying several advantages: (1) higher 
efficiency in terms of load carried per self-weight; (2) 
better seismic performance derived by less structural 
mass; and (3) lower carbon footprint of the building 
when compared with concrete, due to the advantage of 
carbon stored in the timber. The advantages given by the 
concrete slab are: (1) larger thermal mass and fire 
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resistance; (2) better acoustic separation; and (3) good 
structural performance in seismic regions since the floor 
behaves as a rigid diaphragm. All the aforementioned 
advantages can only be achieved if the composite system 
is structurally effective by means of a stiff and strong 
shear connection system.  
 
Quite a number of short-term collapse tests have been 
performed to date on TCC floor beams [1]-[3]. Collapse 
tests are important to quantify the actual composite 
action of the system, the load-bearing capacity and the 
failure mechanisms. There is in general a close 
relationship between the collapse load and the failure 
mechanism, and the type of connection system. A push-
out test of the connection should always precede a beam 
collapse test in order to obtain important information on 
the mechanical properties of the connection. 
 
Lukaszewska et al [1] tested five 4.8 m span full scale 
TCC floors of triple T-section glulam joists tested to 
failure in 4-point bending. The concrete slab was 
prefabricated off-site with mounted connectors. Three 
specimens had lag screws surrounded by steel pipes 
whilst two specimens had metal plates nailed to the 
glulam joists. Composite action of 60% and 30% were 
achieved in the beams with lag screws and metal plates, 
respectively. Ceccotti et al [2] tested double 6 m span 
glulam T-beam, with 18 corrugated rebars glued to each 
beam with epoxy resin. Beam was twice loaded and 
unloaded prior to 4-point bending collapse test after a 5-
year long-term monitoring. The beam collapsed at 2.44 
times the service design load due to tension failure in 
timber with a very stiff behaviour. Composite efficiency 
of 87 to 93 % was reported. A 7.3 m span glulam T-
beam with 10 vertical lag screw connectors was tested 
by Persaud and Symons [3] under 3-point bending. The 
composite system was more than three times stiffer and 
almost twice as strong as the one without composite 
action. 
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Figure 1: Proposed semi-prefabricated LVL-concrete 
composite system 
A semi-prefabricated timber-concrete composite system 
is proposed at the University of Canterbury comprising 
of “M” section panels built with laminated veneer 
lumber (LVL) beams acting as floor joists and a 
plywood interlayer as permanent formwork (see Figure 
1). The panels can be prefabricated off-site and then 
transported to the building site, craned into position and 
connected to the main frame with specially designed 
joist hangers. Steel mesh is laid above the panels to 
provide shrinkage control for a 65 mm thick cast in-situ 
concrete slab. The panels can be propped while the 
concrete cures. The connection system has notches cut 
from the LVL joist and reinforced with a coach screw to 
provide more ductile behaviour during failure and to 
increase the shear strength. These notches are cut into 
the beams before the plywood interlayer is nailed on. An 
extensive research programme of this system involving 
connection push-out tests and full scale T-beam tests in 
both the short- and long-term can be found in previous 
papers [4]-[5].  
 
This paper reports the outcomes of the experimental test 
to failure performed on 11 full-scale beam specimens 
representative of semi-prefabricated timber-concrete 
composite floor strips. The specimens were 8 and 10m 
long, and had different connection systems.  
 
2 CONNECTION SYSTEMS 
The connectors in a TCC are usually positioned along 
the beam according to the shear force distribution so that 
they are concentrated near the supports where the 
internal shear force is higher and spaced out gradually 
into the span as the shear force reduces to zero in the 
middle for a simply supported beam subjected to a 
uniformly distributed load. 
 
A wide range of connection systems are available, each 
with different level of rigidity. The choice of the 
connection system markedly affects the behaviour of 
timber-concrete composite floors. Ceccotti [6] presented 
a large number of fasteners that can be used to connect 
the concrete slab to the timber. He sorted the connectors 
in relation to their stiffness or ‘slip’ modulus: nails, 
screws and dowels are the most flexible, whereas 
notches cut in the timber and continuous connectors 
glued to the timber are the most rigid ones. Figure 2 
provides a comparison of the shear force-slip 
relationship for different categories of connection 
systems. In order to characterize a connection system, 
the strength and stiffness are obtained by means of push-
out tests carried out in accordance with EN26891 [8]. 
The strength is quantified as the maximum load applied 
when failure occurs in the push-out test while stiffness is 
quantified by the slip modulus at 3 different load levels 
(40 %, 60 % and 80 % of the mean maximum load) 
corresponding to the service, ultimate and near-collapse 
load levels. 
 
 
 
Figure 2: Comparisons of different categories of 
connection systems [7]
The structural efficiency of a TCC system highly 
depends on the stiffness of the interlayer connection. A 
connection system that results in high composite action 
allows a significant reduction of the beam depth and 
longer span length when compared with a non-composite 
system. The composite efficiency can be estimated by 
the quantity E, expressed in percentage, suggested by 
Gutkowski et al. [9]: 
FCNC
PCNCE ΔΔ
ΔΔ
−
−=  (1) 
where Δ denotes the mid-span deflection and the 
subscripts NC, PC, and FC refer to no, partial and fully 
rigid connection, respectively.  
 
The composite beam specimens tested were constructed 
using four types of connector (Figure 3): (1) 150 mm 
long Rectangular notches reinforced with a coach screw 
(R150); (2) 300 mm long Rectangular notches reinforced 
with a coach screw (R300); (3) Triangular notches 
reinforced with a coach screw (T); and (4) Modified 
toothed metal plates pressed in the edge of the LVL joist 
(P). These connectors were chosen on the basis of the 
outcomes of a parametric experimental study, which 
included push-out tests to failure carried out on 15 
different notched connector types [4]. The average and 
characteristic shear strengths, Rm and Rk, and secant slip 
moduli K0.4, K0.6, and K0.8 at 40%, 60% and 80% of the 
collapse shear load, respectively, are given in Table 1 as 
a result of the push-out tests to failure carried out on the 
four connector types [10]. 
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Figure 3: Four types of connectors used to construct the 
composite beam specimens (dimensions in mm) 
Table 1: Average shear strength and secant slip moduli 
values for a single connector [10]
Secant slip moduli  
(kN/mm) 
Shear strength 
(kN) 
Type of 
connection 
K0.4 K0.6 K0.8 Rk Rm  
R150 (1-LVL) 80.2 75.4 61.7 60.6 73 
T (1-LVL) 146  139 116 70.4 84.8  
R300 (1-LVL) 247  241 194 115 139 
P (2-LVL) 464 395 257 115 139 
 
3 EXPERIMENTAL TEST SETUP 
The ‘M’ section semi-prefabricated LVL-concrete 
composite system displayed in Figure 1 had 2400 mm 
breadth and was built with a single 400 × 63 mm LVL 
joist on each outer edge and a double LVL joist in the 
centre. The M section was reduced to the inner ‘T’ 
section, made from a double LVL joist with a 1200 mm 
wide flange (Figure 4a). This ‘T’ section was further 
scaled down to a single LVL joist with a 600 mm wide 
flange for the test beams (Figure 4b). Each beam 
specimen was designed and constructed by careful 
selection considering a number of parameters: (1) the 
type of connection, (2) the number of connectors, (3) the 
span length, (4) the type of construction, and (5) the type 
of concrete. Construction variables include the number 
of days the prop was left in place at mid-span (0, 7 and 
14 days), and whether the notches were cast at the time 
of the concrete placement or grouted 7 days later (in the 
case of beam A2, see Table 2). 
 
Eleven beam specimens were designed for 8 and 10 m 
spans, built, and tested to collapse under four-point 
bending load. Table 2 provides a description of the 
beams specimens. Beam G1 was a reference beam built 
from double LVL joists and a 1200 mm wide flange 
(Figure 4a) while all other beam specimens had a single 
LVL joist and 600 mm wide flange (Figure 4b). Figure 5 
and Figure 6 show beam G1 with 150 mm long notches 
under construction, respectively prior and after the 1200 
wide plywood formwork was placed atop. Beam F1 was 
an exception as it required a pair of LVL joists to 
sandwich the toothed metal plate connections, giving a 
double LVL section with 1200 mm flange (Figure 4a). 
Figure 7 and Figure 8 show beam F1 under construction, 
from the manufacturer’s plant where the modified 
toothed metal plates were pressed in the LVL joists, to 
the assembly of the double joist LVL section outside the 
laboratory using self-drilling screws.  
T 
R150 R300  
Eight beams (A1, A2, B1, B2, C2, E1, E2, G1) were 
constructed indoors and three beams (C1, D1, F1) 
outdoors. Beams A1, B1, B2 and C2 were first subjected 
to the quasi-permanent service load G + 0.4Q according 
to the AS/NZ Standard [11] for 3 months prior to the 
collapse test that was part of a separate long-term 
behaviour investigation [4]. Beam A2 was cast with 
pocket notches which were grouted on day 7 with high 
strength low shrinkage SIKA 212 grout [12]. The prop 
on this beam was removed at day 11 (only 3 days after 
the pocket grouting) when the manufacturer’s 
specifications indicated the grout would have achieved 
sufficient strength. 
P 
 
Table 2: Details of beam specimens tested to collapse 
Beam 
specimen 
Span 
(m)      
Flange 
breadth 
(mm) 
Number and 
connection 
type  
Design 
level 
Prop 
time 
(days) 
A1 (indoor) 8  600 6-R150 Under 7 
A2 (indoor) 8  600 6-R150 Under 10 
B1 (indoor) 8  600 10-R150 Well 7 
B2 (indoor) 8  600 10-R150 Well 7 
C1 
(outdoor) 
8  600 10-T Well 7 
C2 (indoor) 8  600 10-T Well 0 
D1 
(outdoor) 
8  600 6-R300 Well 7 
E1 (indoor) 10  600 6-R300 Under 7 
E2 (indoor) 10  600 6-R300 Under 7 
F1 
(outdoor) 
8  1200 8-P Under 7 
G1 (indoor) 8  1200 10-R150 Well 7 
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Figure 4: (a) Reduced T-section; (b) Further reduced T-
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 Figure 5: Double LVL beam specimen with 150 mm long 
rectangular notch connection (beam G1) under 
construction, prior the plywood formwork was placed atop  
 
Figure 6: Double LVL beam specimen with 150 mm long 
rectangular notch connection (beam G1) under 
construction, after the plywood formwork was placed atop 
All beams were tested approximately 4 to 5 months after 
their construction. Every beam was simply supported 
and subjected to four point, quasi-static bending test to 
failure using a 400 kN displacement controlled hydraulic 
actuator (Figure 9: ). The loading protocol followed 
during the test was similar to that recommended for 
connection testing [8]. According to this loading 
protocol, the beam was first loaded to 0.4Fest, held for 30 
seconds, unloaded to 0.1Fest, held for 30 seconds and 
finally loaded to failure at a constant rate of 0.2Fest per 
minute. The estimated failure load, Fest, of each 
composite beam was predicted using the design method 
recommended by Ceccotti [6], which is based on the γ-
method reported in the Annex B of Eurocode 5 – Part 1-
1 [13].The load applied on the beam (2P) and deflection 
at mid-span (Δmax) were measured for every beam. The 
relative slip between concrete slab and LVL beam (ΔH) 
was measured at every connector location. The strains of 
LVL and concrete across the section were measured for 
all beam specimens at mid-span and for selected beams 
also at one-third of the span. During the test, the 
following observations were made: (1) presence of 
visual cracks in the connectors; (2) time and level of load 
when the first crack was detected, either audibly or  
 
 
Figure 7: LVL joists with modified toothed metal plates 
during pressing operations 
 
Figure 8: Double LVL beam specimen with modified 
toothed metal plates (beam F1) after the two LVL joists 
have been fastened using self-drilling screws 
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Figure 9: Typical four point bending test set-up (top) 
(dimensions in mm) and photos of beam before (bottom 
left) and after test (bottom right)  
visually; (3) nature and mode of failure; and (4) 
condition of connection prior and after failure. 
 
4 DESIGN OF BEAMS 
The design imposed load was Q = 3 kN/m2 for office 
buildings and the total permanent load was G = G1 + G2 
= 3 kN/m2, where G1 = 2 kN/m2 and G2 = 1 kN/m2 for 
the self-weight and the superimposed permanent load, 
respectively. All of the beams were designed at ultimate 
(ULS) and serviceability (SLS) limit state using the 
connection characteristic shear strength and the secant 
slip moduli, K0.4 and K0.6, for ULS and SLS verifications 
in the short-term, respectively [10]. This design 
procedure recommended by Ceccotti [6] known as the 
‘γ-method’, is based on the use of the formulas for 
composite beams with flexible connections provided by 
the Annex B of the Eurocode 5 [13] for the evaluation of 
the effective bending stiffness.  
 
The beams were designed at two design levels 
corresponding to the number of connectors along the 
span length: well-designed and under-designed (Table 
2). Well-designed refers to full compliance of all 
inequalities at both the ULS and SLS verifications while 
under-designed refers to a beam design where the 
demand of maximum shear force in the connection is 
approximately 1.3 times the shear force resistance of the 
connection at ULS. The design level variations were 
used to investigate the actual strength and composite 
action achievable by the beam specimens, and to verify 
the accuracy of the analytical γ-method used in design.  
 
5 MATERIAL PROPERTIES 
Three different types of concrete were carefully selected 
as shrinkage was expected to cause significant deflection 
of the composite beam in the long-term, due to the high 
stiffness of the connection. A commercially available 
low shrinkage concrete (CLSC) was used for all the 
beams except beam B2 which was built using a special 
low shrinkage concrete (SLSC) and beam E2 where 
normal weight concrete (NWC) was used. Both CLSC 
and NWC were supplied by a commercial batching 
plant. The CLSC specifications given to the supplier 
were: 35 MPa characteristic strength, 650 microstrain 
shrinkage at 28 day with Eclipse admixture, 13 mm 
aggregate size and 120 mm slump workability. The 
SLSC was batched in the laboratory with a 35 MPa 
characteristic strength mix design using limestone 
aggregates, which produced a lower drying shrinkage. 
The NWC was a 25 MPa characteristic strength concrete 
originally delivered for another project.  
 
Standard concrete material tests such as the slump test, 
the cylinder compressive strength test and the drying 
shrinkage test were conducted based on NZS3112 [14] 
for each batch of concrete. Some CLSC specimens had 
more than 120 mm slump. This compromise was 
accepted in order to reflect the actual construction 
scenario in the research. Figure 10:  shows a comparison 
of the shrinkage measured on the different concrete 
mixes and their slump. A significant part of the 
shrinkage occurred in the first 50 days after casting. It 
was evident that concrete mixes with high slump have 
also high shrinkage.  
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Figure 10: Shrinkage of concrete mixes with different 
slump (S) 
The average compressive strength of CLSC at 28 days 
and then at the day of the beam test were 44.3 MPa and 
53.7 MPa, respectively, with coefficients of variation of 
8.22% and 7.58%. The measured average density of 
CLSC was 2405 kg/m3 while the average Young’s 
modulus at the day of beam test can be estimated as 33.4 
GPa based on the NZS 3101 [15] equation. 
 
The LVL was the 400 × 63 mm Truform recipe, with a 
mean Young’s modulus of 11.3 GPa [16]. The mean 
LVL strength fm of 39.5 MPa was obtained for the beam 
specimens under investigation. 
 
6 RESULTS AND DISCUSSION 
Two types of failure mechanisms were detected: (1) 
tensile fracture of the LVL under the loading points at 
one-third of the span (Figure 9, bottom right) with no 
apparent sign of failure in the shear connection, for well-
designed beams; and (2) for under-designed beams, 
failure of the shear connection and/or crushing of 
concrete with plasticization of the coach screw in the 
case of notched connections (Figure 11: ), or plate 
tearing in the case of metal plate connections. The failure 
pattern of notch connectors was similar to that detected 
in push-out tests [4],[10], where concrete strength was 
found to significantly influence the shear strength of the 
connection and, therefore, the load-bearing capacity of 
the composite beam. In most cases, the first crack sound 
was heard at approximately 60% of the collapse load, 
Fmax, indicating the start of connection yielding which 
was followed by further plasticization and the screeching 
sound becoming louder.  
 
The failure hierarchy observed for under-designed beams 
was as follows: (1) crack sound in one or multiple 
connections as an early warning; (2) failure of the first 
connector, usually near the support; (3) consecutive 
failures of the other connectors towards the middle of the 
beam due to redistribution of the shear force; (4) when 
all connectors have failed, the load was resisted only by 
the LVL beams with zero composite action, which led 
eventually to tensile fracture of the LVL. 
 
 
Figure 11: Connection failure in under-designed beam – 
concrete shear and crushing in 300 mm rectangular 
coach screw notched connection 
Table 3: Summary of collapse TCC floor beam test 
results 
Beam Fmax weq Δmax DCASLS (%) 
 2Pc Exp. Anal  Exp Anal Ratio 
 kN kN/m kN/m mm  K0.4 Exp/Anal 
A1 s i 87.3 14.6 8.28 64.1 86.8 96.5 0.90 
A2 s*i 75.3 12.5 8.28 63.2 90.1 96.5 0.93 
B1 s*i 105 17.5 11.3 63.1 97.3 97.8 0.99 
B2 s i 97.5 16.3 11.3 73.8 96.2 97.8 0.98 
C1 s o 89.7 15.0 12.9 58.3 95.5 98.0 0.98 
C2 s*i 110 18.3 12.9 66.7 96.1 98.0 0.98 
D1 s*o 80.8 13.5 13.6 48.1 96.3 98.4 0.98 
E1 s i 79.6 10.6 7.65 93.8 99.9 98.8 1.01 
E2 s i 55.4 7.38 - 66.9 98.9 98.8 1.01 
F1 d*o 174 28.9 15.5 95.6 98.1 98.7 0.99 
G1 d i 201 33.5 22.5 69.4 96.6 97.1 0.99 
* indicates beams not tested to complete destruction to allow for vibration 
tests; s for single LVL 600 mm wide flange; d for double LVL 1200 mm 
flange; i for beams constructed indoor; o for beams constructed outdoor. 
 
The test results for the beams are summarized in Table 3. 
Several beams were not tested to complete destruction to 
enable vibration tests to be performed, which was a 
study under a separate project. The maximum or collapse 
total load, Fmax, corresponding to the resultant of the 
points load, 2Pc, and the maximum mid-span 
displacement at collapse, Δmax, are reported in Error! 
Reference source not found.. The total load-midspan 
deflection curves are displayed in Figure 12 for all the 
beams where the Fmax values for single LVL beams were 
doubled to allow immediate comparison with the double 
LVL beams with 1200 mm concrete flange width. In the 
same figure, also the upper limit of a full composite 
beam, i.e. a beam with fully rigid connection, the lower 
limit of no composite beam, i.e. a beam with no 
connection, and the case of only LVL beams with no 
concrete slab were plotted. The experimental equivalent 
uniformly distributed load, weq, in kN/m was calculated 
by equating the experimental maximum bending moment 
such that wL2/8 = (2Pc)L/3. The corresponding weq 
analytical value was calculated using the γ-method [6] 
with connection secant slip moduli of K0.6. The load weq 
is defined as the maximum load such that all LVL, 
concrete and connection pass the short-term verifications 
at ULS. The mean values of the mechanical properties 
(modulus of elasticity and strength) of the materials were 
used in the analytical prediction of weq to compare it with 
the experimental value. 
 
The experimental degree of composite action at SLS, 
DCASLS, was calculated using Equation 1 with the 
experimental deflection obtained from the corresponding 
SLS load in Table 3 using the γ-method and the 
connection slip modulus K0.4. All the beams exhibited a 
high level of composite action, between 86.8 and 99.9%. 
This is observed in Figure 12: , where all the load-
deflection curves were in close proximity to the fully 
composite curve. In all cases, the analytical γ-method 
closely estimated the experimental values with between 
1 and 10% difference.  
 
To investigate the effect of the design level in TCC 
beams, two beams were compared, both with a similar 
connection (R150): beams A, under-designed (with 6 
connectors), and beams B, well-designed (with 10 
connectors). The well-designed beams were 
approximately 1.2 times stiffer and stronger (collapse 
load, Fmax) than the under-designed beams. A 
redistribution of shear force after the first connection 
yielding was evident in a well-designed beam because of 
the sufficient number of connectors in the beam. This is 
particularly evident in the load-deflection curve of beam 
B2 (Figure 12: (a)) where there was a recovery of 
strength after the load decreased at about 200 kN 
following the yielding of a connector. This is an 
important outcome as it ensures a moderate ductile 
behaviour of the composite beam which may allow 
sufficient time for evacuation in the case of an 
emergency. Such recovery was not seen in the under-
designed beams. The high degree of composite action 
exhibited by the well-designed beams implied that 
deflection is minimal.  
 
To investigate the effect of different notched 
connections, beam B1 with 150 mm rectangular notch 
connection (R150) was compared with beam C2 with 
triangular notch connection. Both beams have the same 
number of connectors. No significant differences in 
strength or composite action can be identified (Table 3). 
This shows that different types of notched connection 
used in TCC beams do not affect the structural 
performance as long as the connectors have similar 
mechanical properties (see Table 1).  
 
The beams with notched connections (in particular beam 
A1 with R150) had a similar strength to the metal plate 
connected beam (F1) (with 174.6 kN obtained by 
doubling the collapse load of A1, and 174 kN for F1, 
Figure 12: (a) and (d)). Beam F1 showed slightly better 
initial stiffness (3.68 kN/mm) than beam A1 which, 
however, declined rapidly (1.82 kN/mm) after the load 
level of 0.6Fmax was reached. This behaviour was not 
observed in beams with notched connections and was 
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Figure 12: Experimental load-deflection plots reflecting double LVL 1200 mm wide flange section for all beams (refer to 
Table 2 and Figure 3 for beam and connection description) 
 
likely due to the yielding and tearing of the metal plate 
connections that were more ductile than the coach 
screws in the notched connections. Consequently, past 
0.6Fmax, these connections slipped more than the notched 
connections causing larger beam deflections. It was also 
observed that a metal plate connected beam, although 
under-designed, exhibited a sort of strength recovery, 
unlike under-designed notch-connected beams. In order 
to improve the post-peak stiffness of beam F1 and 
prevent the final brittle failure of the plate connection 
due to tearing, it is recommended that the plate thickness 
be increased [10]. 
 
To investigate the effect of notch length, beams with 
rectangular notch connectors of the same design level 
were compared: beam B1 with 10 notches 150 mm long 
(R150) and beam D1 with 6 notches 300 mm long 
(R300). Both beams had the same design level, i.e. they 
were designed for the same load. The degree of 
composite action of the beams was almost identical 
(97.3% for B1 and 96.3% for D1, in Table 3). The actual 
maximum load of the beams was not known as the test 
was stopped before collapse occurred (so they could be 
used for another project).  
 
By comparing beams with the same number of notch 
connectors (six) and different notch length (150 mm in 
beams A, and 300 mm in beam D1), it is evident that the 
beam with the longer notch (D1) performed better in 
stiffness (30% more) and composite action (10% more). 
No actual maximum load can be compared since beam 
D1 was not tested to complete destruction. The use of 
longer notches is preferable to improve the performance 
of the composite beam as the length of the concrete 
notch itself increases the shear strength and stiffness of 
the connection as found in push-out tests [10]. 
 
To investigate the effect of concrete type, beams E1 and 
E2 were compared. Beam E1 was built with grade 35 
low shrinkage concrete (measured fcm = 48 MPa) and 
beam E2 with grade 25 normal concrete (measured fcm = 
31 MPa). Beam E1 (79.6 kN) exhibited 40% higher 
collapse load than beam E2 (55.4 kN) (Table 3 and 
Figure 12: ) with the same degree of composite action. 
Essentially it was the concrete in the notched 
connections that provided the shear transfer capacity 
between the concrete and LVL. Therefore this 
comparison indicates that compressive strength of the 
concrete is crucial to achieve beams with high strength 
performance. 
 
7 CONCLUSIONS 
Short-term collapse tests were conducted on eleven, 8 
and 10 m span laminated veneer lumber (LVL)-concrete 
composite floor T-beams. Several variables such as 
connection types, concrete type, and design level 
corresponding to number of connections were 
   A1 Conn R150 
   A2 Conn R150 
 No composite 
  LVL 
      No composite 
       LVL 
 C1 Conn T 
   D1 Conn R300 
   Full composite 
 No composite 
  LVL 
 G1 Conn R150 
 F1 Conn P 
   Full composite 
No composite 
  LVL 
    E1 Conn  
    R300 
 E2 Conn R300 
(a) (b) 
Strength  
recovery 
Strength  
recovery 
(c) (d) 
investigated. Mid-span deflections and connection slips 
were measured during the tests. The types of connectors 
were triangular and rectangular (150 mm and 300 mm 
long) notches cut in the LVL and reinforced with coach 
screws, and modified toothed metal plate connectors. 
Different concrete was used including normal weight, 
commercial low shrinkage, and special low shrinkage 
concrete. The effective bending stiffness method or γ-
method according to Annex B of Eurocode 5 was used to 
design the beams under 3 kN/m2 design imposed load 
and 1 kN/m2 design permanent load in addition to the 
self weight. Six beams were well-designed and five were 
under-designed. Well-designed beams refer to beams 
that fully comply with all design inequalities at ULS and 
SLS. Under-designed beams refer to beams where the 
maximum demand of shear force in the connection was 
about 1.3 times the resistance at ULS.  
 
All well-designed beams exhibited more than 95% 
composite action regardless of the type of connection 
used. They also showed redistribution of shear force in 
the connectors thus enabling strength recovery in the 
event the outer connections fail. Therefore, a well-
designed system is highly recommended. The 300 mm 
long rectangular notch and coach screw connection is 
recommended for composite beams for two main 
reasons: (1) High stiffness and strength even beyond the 
ULS load level; and (2) It requires fewer connectors 
along the beam and therefore has less cost than the 
triangular notched alternative. Although the triangular 
notch requires more connectors than a 300 mm notch for 
the same design level, it is easier and faster to cut, 
particularly if CNC machines are not available.  
 
Metal plate connections proved to be practical for 
construction, however a disadvantage was the quick 
decrease in stiffness beyond the ULS load level. This 
behaviour could be mitigated by increasing the plate 
thickness to postpone the brittle failure for tearing. No 
significant difference was found in the short-term 
performance among beams with different shrinkage 
properties of concrete. However, the strength of concrete 
is important especially in notch-connected beams since 
the concrete within the notches provides the shear 
transfer between the LVL and the concrete slab. 
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